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ABSTRACT OF THE DISCLOSURE

A process and system are provided for scrubbing CO,
from gas streams and regenerating the scrubbing medium.
The scrubbing medium is an alkaline solution, preferably
of an alkali metal hydroxide. The regeneration is effected
'by one or more regenerating fuel cells which utilize spent
scrubber solution as an electrolyte. Hydroxyl ions are
consumed at the cell anode, and produced at the cell
cathode, and positive alkali metal jons migrate from the
anolyte to the catholyte to preserve the electroneutrality
of the cell. The pH of the anolyte solution is thereby re-
duced to about 9, and CO, gas is evolved, regenerating
the solution. The regenerating cell preferably contains a
barrier spaced between the anode and cathode to prevent
back diffusion of alkali metal hydroxide from the catho-
Iyte to the anolyte. The barrier can be a porous dia-
phragm, but is preferably a cation permeable membrane,

This invention relates to the removal of carbon di-
oxide from gas streams. More particularly, it relates to a
process for removing carbon dioxide (COy) from gas

“streams by absorption, which includes the periodic re-
generation of the carbon dioxide absorber to prepare it
for additional absorption; and to regenerable carbon di-
oxide absorption systems used in this process.

It is greatly beneficial to remove carbon dioxide from
many gas streams, such as from influent gas streams to
fuel eells, from the air supply systems of submarines, and
the like. ’

A particularly important use for CO; absorbers is in
the purification of influent gas streams to fuel cells. Fuel
cell electrolytes are frequently materials which are reac-
tive with carbon dioxide. For example, potassium hy-
droxide (KOH) and sodium hydroxide (NaOH) are
often used as electrolytes, and both of these materials
react avidly with COQ,. Thus, if CO; is allowed to enter
the cell, it can react with the electrolyte to form a pre-
cipitate which accumulates at the surfaces of the porous
electrodes of the cell and reduces the efficiency and per-
formance of the cell.

The process and CO, absorber system of this invention
are particlularly useful in scrubbing either the oxidizing
gas (generally, oxygen or air) supplied to the cathode of
a fuel cell, the fuel gas (generally, hydrogen) supplied
to the anode of a cell, or both.

Various methods and systems have been proposed in
the prior art for the removal of CO; from gas streams.
Absorbents of the soda-lime class have been used for this
purpose, but these absorbents are not regenerable and
must be discarded when their absorptive capacity is ex-
hausted. Certain regenerable CO, absorbents have also
previously been proposed. Exemplary are molecular sieves
and solutions of ethanol amine and other similar com-
pounds. Although these absorbents do have the advantage

of being regenerable, they also have undesirable short-
comings.

Molecular sieves absorb wafer vapor as well as CO,. 70
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Because of the high ratio of water vapor to CO, in air,
the absorptive sites of the molecular sieves become largely
occupied by water rather than CO,, and the CO, absorp-
tion efficiency of the sieves is reduced substantially, The
use of ethanol amine solutions and the like for such
absorption has also proved unsatisfactory, because the
use of such solutions requires the presence of tall counter-
current scrubbing towers with associated pumps and other
incidental space and weight consuming equipment. These
bulky equipment requirements are particularly unsatis-
factory in submarines and in small installations where
fuel cells may be of particular interest.

Accordingly, to over come the foregoing disadvantages
of prior art procedures, it is a primary and general object
of the present invention to provide a new and improved
process and system for removing COy from gas streams.

Another object of this invention is to provide a new
and improved process and system for removing CO, from
gas streams with a regenerable CO, absorber material.

A further object of this invention is to provide an im-
proved process for removing CO, from gas streams by
absorption, which process includes regemeration of the
CO, absorber.

Yet another broad object of this invention is to pro-
vide an improved process and system for continuously
removing CO, from gas streams.

A still further object of this invention is to provide
an improved process and system for the continuous re-
moval of CO, from a gas stream in which a continuous
source of CO, absorption is provided by regeneration of
a portion of the CO, absorber while the remainder of
the absorber is removing CO; from the influent stream.

Another object of this invention is to provide an im-
from gases by absorp-
tion, which system includes improved means for regenerat-
ing the CO, absorber material,

Another object of this invention is to provide a process
and system for the removal of CO, from a gas stream by
absorption and for the. electrochemical regeneration of
the CO, absorber, which process and system utilize mini-
mal energy in effecting the regeneration of the CO, ab-
sorber.

Another object of this invention is to provide a process
and system for the removal of CO, from a gas stream
by absorption and. for the electrochemical regeneration
of the CO, absorber, which process and system utilize
energy produced during the operation of at least one fuel
cell to effect the electrochemical regeneration of the CO,
absorber. )

Additional objects and advantages of this invention
will be set forth in part in the description that follows,
and in part will be obvious from the description, or may
be learned by practice of the invention, the objects and
advantages being realized and attained by means of the
methods, processes, apparatus, and systems particularly
pointed out in the appended claims,

To achieve the foregoing objects, and in accordance with
its purpose, this invention provides a process for removing
CO, from gas streams using a strong base such as an
alkali metal hydroxide as the absorber material. The
gas stream to be purified is brought into. intimate contact
with an aqueous solution of this strong base, and a sub-
stantial portion of the COq; in the gas stream is absorbed
by the alkaline solution, and thereby removed from the
stream.

The present process further provides for the regenera-
tion of the alkali' metal hydroxide absorber solution to
render it capable of further CO, absorption, after its ab-
sorptive capacity has been partially or wholly exhausted:
The process of this invention utilizes a fuel cell reaction
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and the energy generated in a fuel cell to either periodically
or continuously regenerate the CO, absorber solution and
render it suitable for further CO, absorption.

This regeneration is achieved by introducing the al-
kaline absorber solution, which contains carbonate pro-
duced by the absorption of CO,, into a regenerating fuel
cell as at least a portion of the fuel cell electrolyte. Hy-
droxyl ions-are removed from a portion of the absorber
solution during operation of the fuel cell, while CO5-con-
taining carbonate and bicarbonate ions remain in the solu-
tion. Concurrently with the removal of hydroxyl jions from
one portion of the solution, hydroxyl ions are added to
a second portion of the solution and positive alkali metal
ions are transferred from the first portion to the second
portion of the solution. This procedure reduces the pH
of the first portion of the solution to a sufficient extent
that substantial amounts of gaseous CO; are evolved from
it. The second portion of the solution, because of the
accumulation of hydroxyl and alkali metal ions therein,
is regenerated and becomes capable of absorbing addi-
tional CO,.

The present invention also provides a regenerable CO,
absorber system for removing CO; from gas streams. This
absorber system comprises absorbing means for passing
the gas stream through a basic CO, absorber solution,
preferably an alkali metal hydroxide solution, and regen-
erating means for periodically regenerating the CO4 ab-
sorber solution after its absorptive capacity has been
partially or wholly exhausted. .

The regenerating means comprises at least one re-
generating fuel cell having an anode and a cathode and
utilizing the CO, absorber solution as at least a portion
of its electrolyte, said regenerating fuel cell being pro-
"vided with retaining means to retain carbonate and bicar-

- bonate ions containing ionically bound CO, in the vicinity
of its anode, and removal means to remove hydroxyl ions
from the vicinity of the anode, thereby producing a suf-
ficient reduction of the pH of the electrolyte in the vicin-
ity of the anode to cause the evolution of CO, gas from
the electrolyte in. that vicinity. Hydroxy ions are added
to another portion of the solution in the vicinity of the
cell cathode to render this second portion of the solu-
tion suitable for further CO, absorption.

The invention consists in the riovel parts, constructiofis,
arrangements, methods, processes, combinations and im-
provements shown and described.

The accompanying drawings, which are incorporated in
and constitute a part of this specification, illustrate sev-
eral embodiments of the invention and, together with the
description, serve to explain the principles of the inven-
tion. ' .

Of the drawings:

FIG . 1 is a diagrammatic representation of a regen-
erable CO, absorption system which is suitable for the
practice of this invention. This system contains a two-
compartment regenerating fuel cell.

FIG. 2 is a diagrammatic representation of an ex-
panded view of a portion of the anode of a regenerating
foel cell similar to that shown in FIG. 1 except that the
cell is divided into compartments by a diaphragm directly
in contact with the anode,

" FIG. 3 is a diagrammatic representation of a two-com-
partment regenerating fuel cell suitable for use in the con-
tinuous regeneration of a CO, absorber material in ac-
cordance with this invention.

FIG. 4 is a diagrammatic representation of a cascade
of two-compartment regenerating fuel cells, and is an-
other embodiment of a regenerating system suitable for
use in the continuous regeneration of a CO, absorber ma-
terial in accordance with this invention,

F.IG. 5 is a diagrammatic representation of another em-
bodiment of a regenerating fuel cell suitable for the con-
tinuous regeneration of CO, absorber solution in accord-
ance with this invention,
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FIG. 6 is a diagramatic representation of a single com-
partment regenerating fuel cell suitable for nse in the COy
scrubber system of this invention.

1t is to be understood that both the foregoing general
description and the following detailed description are ex-
emplary and explanatory but are not restrictive of the in-
vention. Reference will now be made in detail to the
presently preferred embodiments of the invention, exam-
ples of which are illustrated in the accompanying draw-
inge.

As shown in FIG. 1, the scrubber system of this inven-
tion comprises a COy absorber or scrubber, generally 10,
and a regenerator, generally 20. Impure gas, containing
COy, is passed through a suitable absorber solution in
scrubber 10 prior to being used, i.e., prior its entry into
a primary fuel cell, prior to being returned to the atmos-
phere of a submarine or a spacecraft or the like. This
absorber solution removes CO, from the impure gas by
absorption. ’

As embodied and shown in FIG. 1, impure air enters a
scrubber” 10 through impure air inlet line 12, and is .
passed through an absorber solution which comprises a
mixtore of potassium hydroxide (KOH) and potassium
carbonate (KoCOj3). This solution absorbs CO, impurities
in the air by conversion of at least a portion of the KOH
to additional KsCO3. The mechanism of this absorption
reaction is shown by the following equation:

The purified air, substantially free of CO,, exits scrubber
10 through conduit 14 which directs it to where it is used,
i.e, to an oxidant gas chamber adjacent the oxidant elec-
trode of a primary fuel cell, or the like.

In accordance with this invention means are provided
for removing CO, from a gas stream. The absorbing
means of the CO; scrubber system of this invention can
comprise any suitable source of basic absorber solution,
preferably an alkali metal hydroxide solution. Thus, for
example, lithium hydroxide (LiOH), sodium hydroxide
{NaOH), potassium hydroxide (KOH), and the like can
be used. In accordance with a preferred form of this inven-
tion alkali metal carbonates are included in the absorber
solution along with the alkali metal hydroxides. These
combination absorber solutions have been found to be par-
ticularly well adapted to regeneration by the procedures
of this invention.

Potassium hydroxide is a preferred alkali metal hy-
droxide scrubbing agent, and mixtures of potassium hy-
droxide and potassium carbonate have been found to
have particularly high absorptive capacities for CO,. The
absorber solution is preferably richer in carbonate than
in hydroxide, and can contain, for example, at least about:
one gram equivalent of free alkali metal jon per liter of
absorber solution. Exemplary of specific absorber solu-
tions which may be used in accordance with this inven-
tion are solutions of potassium hydroxide and potassium
carbonate which contain about 1 to 2 gram equivalents of
KOH per liter of absorber solution and about 5 to 6 gram
equivalents of K;CO; per liter of absorber solution. Such
scrubber solutions are effective, for example, to reduce
and maintain the carbon dioxide content of 2 nonacidic
fuel cell reactant gas such as air, oxygen, or hydrogen at
less than two parts per million.

In accordance with this invention, means are provided
for periodically or continuously regenerating the ab-
sorber solution in the scrubber system, to render this ab-
sorber solution capable of additional CO; absorption. As
embod_ied and shown in FIG, 1, the regenerating means
cctanlgnses a regenerating fuel cell indicated generally
at 20.

As shown schematically in FIG. 1, regenerating fuel
ce.ll 20 comprises anode 22 and cathode 24, which are elec-
trically connected by external load circuit 26 which al-
lows the passage of electrons, generated at anode 22, to
cathode 24. Air or another suitable oxidant gas is sup-
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plied to cathode 24, while hydrogen or any other suitable
fuel gas is supplied‘to anode 22 in the manner shown
schematicaly in FIG. 1. Regenerating fuel cell 20 con-
tains a barrier 28 spaced between anode 22 and cathode
24, Barrier 28 divides the cell into an anolyte compart-
ment indicated generally as 36 and a catholyte compart-
ment indicated generally as 32,

Both anode 22 and cathode 24 can be selected from
conventional types of electrodes currently used in fuel
cell technology. Thus, porous anodes such as catalyzed
screens or sintered powder anodes are suitable as hydro-
gen electrode 22 of the regenerating cell, and conven-
tional cathodes are normally suitable for use as oxy-
gen electrode 24. The oxygen electrodes should be of a
type which will function efficiently with free or circulat-
ing electrolytes, such as catalyzed biporous sintered elec-

. trodes or screen electrodes with matrices,

In compartmented regenerating fuel cells of the type
shown in FIG. 1, the spent absorbed solution, such as a
mixture of KOH and K,CO;, is preferably supplied only
to the anoltye compartment 30 of the regenerating fuel
cell, as a-portion of the total electrolyte of the cell.
An alkali metal hydroxide solution, preferably KOH,
is supplied to the catholyte compatriment 32 of the re-
generating fuel cell, as the remaining portion of the elec-
trolyte, through inlet line 41.

As shown in FIG. 1, the spent absorber solution is

supplied to anolyte compartment 30 of regenerating fuel
cell 20 from scrubber 10 through inlet line 42, The
catholyte solution, such as KOH, is supplied to catholyte
compartment 32 of regenerating fuel .cell 20 by any suit-
able means, such as from a catholyte reservoir (mot
shown) through conduit 41. The solutions in the anolyte
and catholyte compartments electrochemically connect
anode 22 with cathode 24 by providing a medium for ion
flow between these electrodes.
" The electrodes 22 and 24 of regenerating fuel cell 20
are electrically connected through external load circuit 26
which provides for the transfer to cathode 24 of electrons
generated at anode 22. Thus, external load circuit 26 pro-
vides the cathode 24 with continuous supply of electrons
necessary for the generation of hydroxyl (OH-) ions
at that electrode, and at the same time affords a posi-
tive power ountput from regenerating cell 20, This output
contributes to the total power output of the overall sys-
tem which includes scruber 10, and regenerating fuel
cell 20, and can also include a primary fuel cell using the
purified reactant gas supplied by scrubber 10.

The scrubber system of this invention also provides
means for transporting the COy-containing spent scrub-
ber solution from scrubber 10 to anolyte compartment 30
of regenerating fuel cell 20; and means for returning
the regenerated scrubber solution from catholyte com-
partment 32 of regenerating fuel cell 20 to scrubber 10
for further CO; absorption. These solution transport and
‘return means are schematically indicated, respectively,
by arrows 42 and 45.

In operation of the scrubber system illustrated in FIG.
1, impure air is passed through the absorber solution in
scrubber 10, and then the purified air is transported to the
place of its use through conduit 14.

The spent scrubber solution is periodically or continu-
ously transported from scrubber 10 through regenerating
fuel cell 20, and is returned to scrubber 10 through con-
duits 42 and 45, respectively. This transport is accom-
plished by appropriate circulating pumps (not shown).
The CO, absorptive capacity of the scrubber solution is
partially restored during its passage through regenerat-
ing cell 20, _

In the operation of the regenerating cell, hydrogen ions
and electrons are generated at anode 22, and the electrons
pass through the external load circuit 26 to cathode 24.
These electrons are combined with the -0Xygen supplied to
cathode 24 and the water present in the electrolyte at the
cathode surface to generate hydroxyl ions at cathode 24.
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The subreactions occurring at each electrode can be
summarized as follows:

ANODE REACTION

(In) catalyst
Hz +20H~ ———» 2H20 - 2%~
CATHODE REACTION
(I1I1) catalyst’

H:0 + 2402 + 2 —— 20H-

The above reactions, occurring at the cell electrodes,
dicate the materials which must be used to construct the
electrodes, Thus the electrode material must be one which
will promote the desired reactions, and particularly the
anode must be constructed of a material which does
not corrode significantly under the potential and pH con-~
ditions which exist in its vicinity during the operation of
the cell. Platinum-catalyzed nickel screen electrodes, and
particularly platinum-catalyzed, gold-plated, nickel screen
electrodes are satisfactory for use in the regenerating fuel
cells of this invention, )

The over-all water-forming fuel cell reaction is exother-
mic, and is accompanied by a release of sufficient energy
to effect the reverse reaction to that which occurs in the
CO; scrubber. In this reverse reaction the potassium car-
bonate formed during €O, absorption in the scrubber
reacts with water, utilizing energy, to produce potas-
sium hydroxide and release carbon dioxide gas. This re-
action can be indicated as follows:

aw)

energy
E:CO; 4+ H:0 —— 2KOH 4 CO:2¢
This CO, evolution occurs in the vicinity of the anode of
the regenerating fuel cell and removes CO; from the ab-
sorber solution, thereby regenerating it for additional ab-
sorption.

As indicated schematically in FIG. 1, during the opera-
tion of regenerating fuel cell 20 negative hydroxyl ions
are produced at cathode 24 of the cell according to Equa-
tion III while hydroxyl ions are concurrently consumed at
anode 22 according to Equation IL. The positive potas-
stum jons in the electrolyte solution spontaneously migrate
toward the cathode of the cell to maintain the electroneu-
trality of both compartments, while the negatively charged
ions in the solution migrate toward the anode of the cell,
The following reactions occur at the anode:

42
(VD

COs~ + H:0 —— HCOs -+ OH-
HCO;~ —— OBH- + CO:27

These reactions result in the evolution of CO,, and
hence the regeneration of the scrubber solution in the
regenerating fuel cell, As OH- jons are consumed at the
cell anode, both of these equations are displaced to the
right, continuing the CO, evolution. .

The formation of the bicarbonate jons by the reaction -
of Equation V, and the subsequent evolution of carbon
dioxode as shown by Equation VI are a function of the
PH of the anolyte solution. As operation of the cell con-
tinues, the KOH concentration in catholyte compartment
increases and a corresponding decrease occurs in the KOH
concentration of the anolyte solution due to the continu-
ous production of hydroxyl ions at the cathode, the con-
tinuous consumption of hydroxyl ions at the anode, and
the continuous migration of the potassium or other alkali
metal ions through barrier 28 toward the cathode of the
fuel cell,

This decrease in KOH concentration near the anode
causes a decrease in the pH of the anolyte (absorber) so-
lution. When the pH of the anolyte is equal to or less
than 12, the bicarbonate reaction of Equation V can take
place; and when, because of further consumption of hy-
droxyl ions at the anode and the further potassium ion
migration away from the vicinity of the anode, the pH of
the anolyte solution reaches a value equal to or less than
about 9, the evolution of substantial amounts of CO,
occurs in accordance with the reaction of Equation VI,
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The pH values at which these reactions occur are deter-
mined by the state of the ionic equilibrium of the re-
actions. o

The rate of evolution of CO; can be substantially in-
creased by bubbling a gas through the anolyte solution
when the desired pH is reached. The gas used for this
purpose can be air or an inert gas, preferably nitrogen,
and this gas can be passed through the solution either in
the anolyte compartment or after the solution is removed
from that compartment.

Each of the regenerating fuel cells used in the CO,
scrubber system of this invention is provided with suitable
means for the removal of the carbon dioxode evolved
during regeneration. Such removal means are diagram-
matically illustrated by appropriate arrows in the accom-
panying drawings. .

Referring again to FIG. 1, barrier 28 is preferably a
cation permeable membrane. Positive ions freely  pass

through such membranes, but the membranes are essen-

tially impermeable to negative ions. Barrier 28 thus acts
to retain negative hydroxide, carbonate and bicarbonate
ions in anolyte compartment 30 but permits the steady
and substantial migration of positive alkali metal ions
from anolyte compartment 3¢ to catholyte compartment
32 of the cell,

Cation permeable membrane 28 serves an additional
function in preventing the migration of hydroxyl ions gen-
erated at cathode 24 into anolyte compartment 39,

The primary function of cation permeable membrane
or barrier 28 is to prevent or minimize back diffusion of
KOH formed in catholyte compartment 32 into anolyte
compartment 30. It can be seen from FIG. 1 that for each
hydrogen ion produced at anode 22, a hydroxyl ion is
produced at cathode 24. Simultaneously, there is a steady
migration of K+ jons through cation permeable mem-
brane 28 toward cathode 24 (ie., in catholyte compart-
ment 32). Since the KOH formed in the catholyte com-
partment cannot pass through barrier 28, back diffusion
of the potassium into the anolyte compartment is pre-
vented. It has been found that by the use of a cation per-
meable membrane in a regenerating fuel cell of the type
shown in FIG. 1, more than 90% of the K+ ions in the
. anolyte solution can be transferred to the catholyte
i~ chamber of the fuel cell where they form KOH.

Referring once again to FIG. 1, as K+ ions migrate from
anolyte chamber 30 to catholyte chamber 32, the anolyte
becomes progressively more dilute and the internal re-
sistance of the cell increases. As this dilution of the
anolyte occurs, the effectiveness of barrier 28 in prevent-
ing back diffusion of KOH into anolyte chamber 30 will
also diminish because of the increasing concentration
gradient across the barrier. Both of these problems of in-
creasing internal resistance and. back diffusion can be
alleviated by the addition of a supporting, neutral elec-
trolyte to the anolyte solution. Exemplary of such sup-
* porting electrolytes are potassium fluoride (XF) and po-
tassium sulfate (K,S0,).

In accordance with the present invention, the barrier
used to divide the regenerating fuel cell into anolyte and
catholyte compartments can be a porous diaphragm rather
than an ionic membrane of the type described above, A
regenerating fuel cell using such a porous diaphragm is
illustrated in FIG. 5, which shows 2 continuous flow re-
generating unit. This unit will be discussed fully herein-
after.

The porous diaphragms can be made of fuel cell grade
asbestos films, porous rubber battery separators, porous
nickel sheets, or Gelman W, A. Ton Exchange membranes
(an extremely water permeable membrane which also has
ion-exchange properties). Of course, any other suitable
finely porous diaphragm can be substituted for these spe-
cifically mentioned diaphragms.

1t will be appreciated from the above description that
the present invention also encompases a process for re-
moving CO, from a gas stream. This process comprises
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passing the gas stream through a solution of 2 strongly
basic material, such as an alkali metal hydroxide, to re-
move substantial amounts of the CQO, by absorption in
accordance with Equation I, above.

The absorber solution, containing absorbed CO, is
periodically or continuously regenerated in accordance
with the process of this invention to render it capable of
further CO, absorption. This regeneration is effected by
introducing the carbonate-rich absorber solution inio a
regenerating fuel cell as at least a portion of the fuel cell
electrolyte, and removing hydroxyl ions and alkali metal
ions from the absorber solution (or a portion of it) during
the operation of the fuel cell, while initially retaining in
the absorber solution the carbonate and bicarbonate ions
containing absorbed CO,. The pH of the absorber solu-
tion, or a portion of it, is thereby reduced to a sufficient
extent that substantial amounts of gaseous COy are

- evolved from it.

The desired CO, evolution occurs when the pH of the
absorber solution is reduced to about 9 or less. Once the
PH of the bulk anolyte is reduced below 9, carbon dioxide
gas may bubble out of the anolyte solution as well as
being evolved into the excess hydrogen stream flowing
through the hydrogen gas chamber.

If the cell is operated for a sufficient period, the follow-
ing situation eventually prevails:

(1) Most of the potassium originally present in anolyte
chamber 30 appears as KOH in catholyte chamber 32;

(2) Most of the carbonate originally present in the
anolyte has been reduced to CO, and vented from the
cell;

(3) The anolyte solution has become largely de-
ionized; .

(4) The cell voliage has diminished considerably.

At this point the anolyte solution chamber can be dis-
carded and the catholyte solution, after suitable dilution
or concentration, is available for use as essentially carbon-
ate-free KOH solution. Thus, for example, one portion
of the catholyte solution may be returned to the scrubber,
the remaining portion retained in the catholyte compart-
ment for use in a subsequent regeneration cycle.

In practice, the lowest pH occurs in the electrolyte in

- close relationship of the catalyzed sites within the anode.

The consnmption of hydroxyl ions at these sites and hence
the pH is lowest there, since pH is directly proportional
to the Jogarithm of the hydroxyl ion concentration. For
this reason, evolution of CO;, in practice, occurs largely
within anode 22,

In a preferred embodiment of this invention, as shown
in FIG. 2, the anode of the regenerating fuel cell is pro-
vided with a barrier layer, which contacts the anode of its
solution side, i.e., on the side of the anode which faces
the electrolyte. This barrier aids in control of the com-
position of the electrolyte solution in the immediate vi-
cinity of the anode. It hinders indiscriminate mixing of
the incoming bulk electrolyte with the solution in the im-
mediate vicinity of the anode, and aids in the establish-
ment of a smooth pH gradient in the direction of the
anode.

The anode barrier layer can consist of a thin layer of
any suitable porous material, such as, for example, fuel
cell grade asbestos film (preferably about 30 mils thick)
or an anion exchange membrane. Alternative anode bar-
rier layers can be provided by spraying, painting, or filter-
ing such a layer directly onto the anode surface which
faces the electrolyte solution. Such layers can be made
of spinel-Telflon or of a spinel-nickel mixture.

Since the region of lowest pH occurs within the pore
structure of the anode, close to the gas-electrolyte inter-
face, the use of such anode barriers in no way restricts the
escape of carbon dioxide gas into the excess hydrogen gas
stream exiting the regenerating fuel cell, By use of these
anode barrier layers, however, it is possible to achieve im-
proved composition control of the solution reaching the
immediate vicinity of the anode of the regenerating fuel
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cell, and hence to increase the operating efficiency of the
regenerating cell.’

FIG. 2 shows a close-up view of a cell anode 52
equipped with an anode barrier layer 54 directly in con-
tact with anode 52, on its solution side. Barrier 54 is
located between anode 52 and a cell matrix 56 which con-
tains the anolyte (absorber) solution. Matrix 56 prevents
electrolyte solution from leaking into the hydrogen gas
chamber and also prevents hydrogen gas from entering
the electrolyte chamber, While barrier layer 54 is prefer-

- ably a thin porous asbestos film, any of the alternative
types of anode barrier layers described above can be sub-
stituted for such asbestos film.

It should be noted that the operation of the system of
this invention can be carried out without a diaphragm of
any type in some cases, particularly where the electrolyte
has a low OH— concentration (i.e., less than about 10-3
moles/liter). Such operation is possible because the
porous surface of the anode itself assumes somewhat the

. character of a barrier, controlling the composition of the

. electrolyte within the anode, hindering indiscriminate
mixing of the solution in the anode with incoming bulk
electrolyte, and aiding the establishment of a smooth pH
gradient in the direction of the anode.

Operation of the regenerative cell without the use of an
added barrier layer is facilitated by the use of suitable
anode polarization so that the electrolyte in the gas side
-of the anode (surrounding the activated portion of the
electrode) can be flushed away with excess fuel gas (e.g.,

"Hj). The additional fuel gas necessary to flush away the
COs; in such systems is compensated’ by the simplification
of cell construction and the reduction in the internal resist-
ance of the cell made possible by the elimination of the
barrier. .

Referring to FIG. 2, regardless of whether barrier 54 is
an added porous diaphragm or the like or is merely the
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inherent barrier afforded by the porous surface of the

electrode, the area of lowest pH occurs at the catalytic
sites of the anode where dissolved hydrogen is ionized and
hydroxyl ions consumed, and therefore the primary CO,
evolution occurs within the pores of anode 52, The CO,
gas there formed can be flushed from the regenerating
fuel cell with excess hydrogen supplied by fuel supply
means 60. The exiting fuel stream indicated schematically
in FIG. 2 thus contains the CO; evolved in the regen-
erating cell. It also contains excess product water removed
from the cell in the excess fuel gas stream. The excess Hj
gas in this stream can be recovered by separation from the
. €Oy and water vapor with an appropriately selective mem-
brane.

Removal of CO, in the excess hydrogen stream in this
manner lends itself particularly well to use in regeneration
of COy-scrubbers in nuclear submarines where H, gas is
normally dumped into the sea. Using this system the ex-
cess Hy gas could be used to remove the COg evolved in
the scrubber from the ship,

The regenerating cell shown in FIG. 1 performs a batch-
type regeneration. If continuous scrubbing is to be af-
forded in the scrubber step of the process and system of
this invention, alternate sources of scrubbing or absorbing
solution must be provided in order to effectively utilize
such a batch-type regeneration system. For example, re-
ferring to the regeneration system illustrated in FIG. 1,
a first batch of absorber solution can be used to scrub
CO; from the influent gas to the primary fuel cell unti] its
absorptive capacity is expended. The spent absorber solu-
tion is then removed from scrubber 10 and passed to re-
generating fuel cell 20 for regeneration. Meanwhile, if
CO; scrubbing of the gas stream is to continue, either a
second source of absorbing solution must be supplied to
scrubber 10, or an alternate scrubber must be provided.
Subsequently, the first batch or regenerated solution can
be returned to scrubber 10 for further CO; absorption;
and the spent second batch of scrubber solution can be
transported to fuel cell 20 for regeneration.
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It is possible to dispense with the second scrubbing
chamber if the regenerating cell is designed for dual pur-
pose operation. In such a system the influent gas to the
primary fuel cell is passed directly through and brought
into intimate contact with a supply of absorber solution
in the regenerating fuel cell. When the absorptive capacity
of this solution is expended, the influent gas is diverted to
an alternative source of absorber solution, and the regen-
erating fuel cell is activated and operated in the manner
described above to regenerate the absorber solution and
render it capable to additional absorption,

It is highly desirable in accordance with this invention
to provide a continuous source of CO, absorption. To
achieve this result, when the above-described batch-type
regenerating systems are used, it is generally desirable to
provide several sources of scrubbing or absorbing solution
and preferably also more than one regenerating fuel cell
for alternating use.

An alternative procedure for providing continuous
scrubbing, and continuous regeneration of the absorber
solution can be achieved utilizing a compartmented regen-
erating fuel cell of the type illustrated in FIG, 1. Using
this system, the influent gas to the primary fuel cell is
first passed through the electrolyte in anolyte compart-
ment 30 of the regenerating fuel cell 20 for CO; absorp-
tion, and then through the electrolyte of catholyte com-
partment 32 while the electrolyte in anolyte compartment
30 of that cell is being régenated in the manner described
above. When the regeneration of the anolyte solution is
completed, the influent gas to the primary fuel cell is once
again directed through anolyte comparement 30 for addi-
tional COy absorption, while the cathoylte solution is be-
ing regenerated.

Regeneration of the catholyte solution is accomplished
by reversing the operation of the regenerating fuel cell
20, converting the original cathode 24 to an anode. By
periodically reversing the operation of the cell with ap-
propriate electrode reversal means and simultaneously
diverting the flow of COq-containing influent gas through
the respective chambers of regenerating fuel cell 20 with
appropriate control means, this cell can provide continu-
ous absorbing means and regenerating means for the
CO; scrubber system of this invention.

Thus it can be seen that the CO;, absorption of the pres-
ent invention can be accomplished either in the regener-
ating fuel cell itself or in a scrubbing chamber which is
distinct from but operatively connected with the regener-
ating fuel cell. For continuous scrubbing action, the CO,-
rich, spent absorber solution can be passed from the
srubbing chamber to the regenerator and a new or re-
generated absorbing solution used in the scrubbing cham-
ber; or two scrubbing chambers can be used alternatively;
or cell operation can be periodically reversed with scrub-
bing carried out alternatively in each of the compart-
ments of a compartmented regenerating cell of type illus-
trated in FIG., 1.

‘Another alternative continuous operating procedure is
to feed spent scrubber solution to the anolyte compart-
ment 30 at a slow, controlled rate to maintain the pH in
that compartment at about 9, Simultaneously, KOH solu-
tion is slowly withdrawn from the cathode compartment
and returned to the scrubber for further CO, absorption,
The feed and withdrawa] rates would be matched to main-
tain the solution in the scrubber at a constant volume
and composition,

Additional regenerating fuel cells coming within the
purview of this invention are illustrated in FIGS. 3-6.
FIG. 3 illustrates diagrammatically a continuous action
regenerating fuel cell, generally 100. The cell comprises
an anode 102 and a cathode 104, and is provided with a
barrier 106 spaced between its anode and its cathode and
dividing the cell into two compartments. Barrier 106 is
preferably a cation permeable membrane which acts to
retain carbonate and bicarbonate ions (containing ab-
sorbed CO,) in anolyte compartment 108 of the regen-
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erating cell, and allows substantial amounts of positive
alkali metal jons (such as K+ ions) to pass through it
and out of anolyte compartment 108 into catholyte com-
partment 110.

Regenerating fuel cell 100 illustrated in FIG. 3 func-
tions chemically in the same manner as fuel cell 20, ilius-
trated in FIG. 1. Thus, in operation of fuel cell 100,
negatively charged hydroxyl ions in the anolyte compart-

. ment 108 are consumed by reaction with hydrogen at

anode .102 (according to reaction II), and positively
charged potassium ions migrate from anolyte compart-
ment 108 to catholyte compartment 110, thereby reduc-
. ing the pH of the electrolyte solution in the anolyte com-
partthent. The difference in the operation of continuous
regenerating cell 100 is that spent absorber solution is
continuously passed into the cell at one end of its anolyte
compartment 108 by suitable transport means, such as
conduit means 112, and is then continuously passed
through anolyte compartment 1068 to the other end of that
compartment (indicated generally at 114).

In operation of the cell, as described above, hydroxyl
ions are continuously consumed at anode 102 and potas-
sium jons continuously migrate out of anolyte compart-
ment 108 during the passage of the solution through that
compartment, so that the pH of the anolyte solution is
continuously reduced during its passage through the ano-
lyte compartment.

When the anolyte solution reaches a pH of about 9,
little .or no KOH remains in anolyte compartment 108,
and the anolyte solution is essentially an aqueous solu-
tion of K;CO; and KHCOs. Because of the thermal dis-
association of the bicarbonate radical in this solution,
there is 2 finite pressure of CO, above the solution which
increases with temperature. If the regenerating fuel cell
is operated at a sufficiently high temperature, such as
above about 50° C., a certain amount of COy gas is lib-
erated within the cell itself in the form of gas bubbles in
the electrolyte. ]

In the regenerating fuel cell system illustrated in FIG.
3 this thermal disassociation effect is utilized to enhance
the overall rate of COjy evolution from the anolyte solu-
tion. The carbonate-rich solution being regenerated is
cycled from anolyte compartment 108 of regenerating
cell 100 through an external heated chamber 116, where
the solution is heated to a temperature above 50° C. and
sparged with an inert gas stream. Although any inert gas
can be used for this sparging, nitrogen is preferred. Air
is also inert enough for this usage and would remove
more €O, than it would add. Thus, air because of its
ready availability and low cost is also a desirable sparg-
ing medium. ' )

The system of FIG. 3 achieves highly efficient CO, re-
moval, and by proper control of the temperature in the
purging chamber and the flow rate of the inert gas, this
system also efficiently removes by-product water from
the anolyte solution along with the COs,.

The regenerated solution leaving heating and sparging
chamber 116 passes down through catholyte compartment
110 of the cell, where it receives the potassium jons that
have migrated through membrane 166 from anolyte com-
partment 108. When the regenerated absorber solution
has completed its passage through catholyte chamber 116,
it is returned to the scrubber (not shown) for additional
‘COy absorption. :

It will be readily apparent to those skilled in the art
that the regenerating system illustrated in FIG. 3 can
continuously receive spent absorber solution from a scrub-
b_er and simultaneously return regenerated absorber solu-
tion to the scrubber. Alternatively the continuous regen-
eration achieved with the system of FIG. 3 can operate
in conjunction with a plurality of scrubbers, receiving
spent absorber solution from one scrubber and returning
regenerated solution to another.

Another embodiment of a continuous regenerating unit
for the scrubber system of this invention is illustrated in
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FIG. 4. This regenerating system, which operates in con-
junction with scrubber 120 of FIG. 4, comprises a cascade
of fuel cells connected to each other in a manner suitable
to provide for the flow of electrolyte from one cell to
others of the cascade.

The electrolyte (which is the spent absorber solution
from scrubber 120) is transported from scrubber 12¢ to
anolyte compartment 122 of the initial cell in the cascade
through inlet line 149, and then is successively transport-
ed through anolyte compartments 124, 126, 128, and 130
of the remaining cells of the cascade, The pH of the elec-
trolyte (absorber) solution is continuously reduced dur-
ing its passage through each of these .anolyte compart-
ments, because of the consumption of OH— ions at the
anode of each cell by combination of these ions with hy-
drogen jons generated at the anodes, and the simultane-
ous migration of potassium ions from each of these com-
partments through barriers 132 of each cell to compen-
sate for the OH— ions generated at the cathodes of the
cells.

The pH of the absorber solution is sufficiently reduced
that CO; is evolved from anolyte compartment 130 of
the last cell in the cascade, If desired, the absorber solu-
tion being regenerated can be cycled from anolyte com-
partment $30 through a heating and sparging chamber
similar to that utilized with the regenerating fuel cell illus-
trated in FIG. 3. The regenerated solution is then cycled
through catholyte chamber 140 of the last cell in the
cascade and subsequently through catholyte chambers
142, 144, 146, and 148 of the remaining cells in the
cascade.

The alkalinity of the solution is increased in its passage
through each of these respective catholyte chambers by
the migration of additional K+ ions from the subsequently
cycled absorber solution in the anolyte chambers of the
respective fuel cells of the cascade. The solution exitin.g
catholyte chamber 148 of the first cell in the cascade is
a completely regenerated absorber solution which is con-
tinuously returned to scrubber 120 through conduit 150
for additional absorption.

The use of a cascade of cells of the type illustrated in
FIG. 4 provides several incident benefits, The most im-
portant is the increased efficiency of operation achieved.
‘When a single regenerating fuel cell of the type indicated
in FIG. 3 is used, the internal resistance 0f the cell in-
creases as regeneration proceeds. Further, the voltage
developed by the cell decreases as the pH differential
between the anolyte and catholyte increases. The increase
in internal resistance and drop in voltage act together
to reduce the cell current and thereby slow down the
regeneration process.

By using a cascade of cells of the type shown in FIG.
4, connected electrically in series, the overall voltage
efficiency of the system is increased. This increase in
efficiency is possible because the pH of the solution in
anolyte compartment 122 of the first cell in the cascade
is virtually the same as the. pH of catholyte chamber
148 of the first cell of the cascade (pHS14).

It will be readily apparent to those skilled in the art
that the cascade can contain any desired number of fuel
cells, As more cells are included in the cascade, overall
performance will more nearly approach theoretical. The
only limitation on the number of cells which can be in-
cluded in the cascade is dictated by the added complica-
tion of the inclusion of additional cells.

The diminishing volume of the regenerating fuel cells
in the cascade shown in FIG. 4 is designed to accommo-
date water removal from the anolyte compartment of each
cell as the concentration of the electrolyte becomes more
dilute because of the migration of K+ ions from the
anolyte compartment to the catholyte compartment of
each cell. Correspondingly, as the solution advances from
catholyte compartment 140 of the last cell in the cascade
through the catholyte compartment of each succeeding cell,
the size of that compartment is increased to allow water
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addition to compensate for the increasing potassium con-
centration of the solution resulting from such migration.

- A further embodiment of a continuous action regener-
ating fuel cell is shown in FIG. 5. As pointed out above,
the regenerating cell shown here utilizes a porous film,
preferably fuel cell grade asbestos or a porous nickel
sinter, as a cell-dividing barrier. Referring to FIG. §, the
regenerating fuel cell, generally 180, comprises anode
182 and cathode 184 which are, respectively, supplied
with suitable amounts of fuel gas such’as hydrogen, and

oxidant gas, such as air (shown diagrammatically in FIG. -

5). Electrons formed at anode 182 are transported to

cathode 184 by a suitable external load circuit (not

shown). The electrodes are electrochemically connected
by means of an electrolyte disposed between and in con-
tact with them.

Regensrating fuel cell 180 contains a barrier 186 spaced
between its anode 182 and its cathode 184. Barrier 186
divides the regenerating cell into an anolyte compartment,
" indicated generally as 188, and a catholyte compartment
indicated generally as 189. This barrier, like the cation
‘permeable membrane used as barrier 28 in FIG. 1, acts
primarily to prevent back diffusion of KOH from catho-
Iyte compartment 189 to anolyte compartment 188, Bar-
rier 186, however, is a porous diaphragm rather than
a cation permeable membrane. Although the use of a
regular diaphragm material is accompanied by a lower
" mass transfer efficiency, this in some instances, may be
more than compensated for by the higher conductivity,
lower cost and higher corrosion resistance of the regular
diaphragm. :

i In the regenerating fuel cell illustrated in FIG. 5, the
spent absorber solution is passed through the cell at a
sufficient rate to prevent or at least inhibit back diffusion of

KOH from catholyte compartment 189 to anolyte com-

" partment 188. Thus the steady removal of hydroxyl ions

at anode 182 of the cell sufficiently reduces the pH of

the expended electrolyte solution in anolyte compartment

188 to cause CO, evolution from the anolyte compart-

* ment, '

Regenerating fuel cell 180 of FIG. 5 is horizontally
oriented. Such orientation is preferred in cells which utilize
porous diaphragm barriers to define their anolyte and
catholyte compartments. The primary advantage of such

horizontal orientation is that the hydrostatic pressure

head over the surface of the electrodes is small and uni-
form in comparison to vertically disposed cells, in which
the hydrostatic pressure on the electrode faces increases
from the top of the cell to the bottom.

In the operation of horizontally-oriented, continuous,
regenerating fuel cell 180 of FIG. §, spent electrolyte
solution from the scrubber (not shown) enters the fuel
cell in anolyte compartment 188 as ths cell electrolyte.
- As the solution passes through the cell, OH— ions are
consumed at anode 182 and produced at cathode 184, and
K+ ions migrate through porous diaphragm 186 into
- catholyte compartment 189 to maintain the electroneu-

trality of the cell. Of course, since diaphragm 186 is not
ionically selective, its purpose is only to minimize con-
vection and diffusion mixing in the electrolyte. However,
for every 100 OH~ ions consumed at anode 182, 100 OH—
are produced at cathode 184, about 50 K+ fons leave the
anolyte through porous diaphragm 186, and only about
50 OH- ions enter the anolyte through diaphragm 186.
Because of this disproportionate transfer of OH- ions
to the catholyte, a regenerated electrolyte solution of
substantially reduced CO, content can be removed from
catholyte compartment 189 at the downstream end of
the regenerating fuel cell 180. ,
An additional embodiment of the Tegenerating fuel cell
- used in the scrubber systems of this invention is illus-
trated in FIG, 6, As there shown, regenerating fuel cell
190 comprises a single chamber containing reversible
electrode 192 and amalgam electrode 194. As in the
regenerating fuel cells described above, the spent scrubber
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solution is introduced into regenerating fuel cell 190 as
the cell electrolyte, and is disposed between and in con-
tact with reversible electrode 192 and amalgam electrode
194. Electrode 192 is suitably connected to alternate
sources of hydrogen and oxygen, or to alternate sources
of any other suitable fuel and oxidant gases.

Electrodes 192 and 194 are comnected through ex-
ternal load circuit 196 which allows electrons to be trans-
ferred between the electrodes of the cell,

As shown in FIG. 6, the regeneration of the electrolyte
(absorber) solution i§ achieved by supplying hydrogen
or another fuel gas to reversible electrode 192, which,
operating as a standard anode, produces hydrogen ions
and generates electrons which flow through external load
circuit 196 io amalgam electrode 194, Amalgam electrode
194 utilizes this electrical energy to remove from the
solution potassium (K+) ions which are attracted to the
vicinity of the negative amalgam electrode during opera-
tion of the cell. This removal of potassium ions from the
bulk electrolyte solution eventually reduces its pH to
about 9 or less, causing the evolution of CO, gas from
the electrolyte solution, and thereby regenerating the solu-
tion and rendering it suitable for addition CO, absorption.

When the desired CO, evolution is completed, the di-
rection of electron flow through the external load circuit
is reversed, so that amalgam electrode 194 releases K+
ions into the bulk electrolyte solution, thereby further in-
creasing its alkalinity and CO, absorptive capacity. Re-
versible electrode 192, meanwhile, is connected to a source
of oxygen gas and produces OH- jons, The reverse phase
of this reaction is schematically shown in parenthetical

form in FIG, 6.

By connecting two equal regenerating fuel cells of the
type shown in FIG. 6 in series, and operating them in
such a manner that one cell decreases the KOH content
of its bulk electrolyte, thereby effecting CO, removal,
while the second cell in the series increases the KOH of
its bulk electrolyte, the overall amount of energy used
by the regenerating cells can be kept to a minimum,

The present invention provides a new and improved
process and system for scrubbing CO; from impure gas
streams. The process and system of the invention provide
for both the scrubbing of the CO, from such gases, and
for either periodic or continuous regeneration of the
scrubber solution used for this purpose.

In accordance with this invention, such regeneration
is carried out using one or more regenerating fuel cells.
The use of such regenerating fuel cells allows efficient
scrubbing of the COy-containing gases, and practical and
efficient regeneration of the scrubber solutions.

The regenerating fuel cells used in accordance with this
invention have been primarily described as operating on
hydrogen and air as their reactant gases, and producing
hydrogen ions (H*) at the cell anode and hydroxyl ions
(OH-) at the cell cathode in accordance with Equations
II and IIT above. Tt is to be understood, however, that any
suitable fuel and oxidant gases can be used in the regen-
erating fuel cells utilized in accordance with this inven-
tion. Thus the regenerating fuel cells can operate on any
appropriate electrode reactions, which, in addition to those

_described, include the following reactions at the anode

and cathode, respectively:

ANODE REACTIONS
(VID) 20H~-1%5054+-H,042¢~
(vI) Me+-OH— MeOH+-e~
(Me=meta] iron)
Ixy . Red++OH—~ Oxt-e—
(If a redox system is added to the electrolyte)
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CATHODE REACTIONS

xX) ZH%J+2€“9}£r%ZO}f'

(X1) MeOH-+e—~—>Me+OH—
(Me=metal iron)

(XII) Ox-+e~—>Red-}+-0OH-

(Xf a redox system is added to the electrolyte)

. Any of these electrode reactions can supply and con-
sume the OM— ions necessary for the CO, generating re-
actions which are produced in the regenerating fuel cell
in dccordance with this invention. Any pair of these elec-
trode reactions can thus be selected to best achieve a
combination of simplicity and energy economy. General-
ly, the lowest energy requirements are achievable with the
hydrogen-oxygen fuel cell system illustrated by Equations
IL and IIT. - _

Certain embodiments of the regenerating fuel cells uti-
lized in accordance with this invention, for example those
illustrated in FIGS. 1 and 3-5 utilize compartmented re-
generating fuel cells, which are divided into anolyte and
catholyte compartments by a barrier disposed between the
anode and cathode of the cell. The illustrated cells all con-

tain only two compartments, It is to be undersiood, how-

ever, that additional barriers can be provided in the cell
to divide it into three or more compartments, if desired.

Thus, by locating an anion permeable membrane be-
tween the cathode and anode of the fuel cell, and locat-
ing a cation permeable membrane between the anion
permeable membrane and the anode, it is possible to di-

vide the regenerating cell into three compartments, and

to cause CO, evolution between the two membranes or
barriers, and thereby relieve the anode of its CO, evolv-
ing duties, The location of still another barrier between
the anion permeable membrane described above and the
cathode of the multi-compartment fuel cell could provide
a fourth compartment of a cell suitable for both CO,
absorption and absorber regeneration. The raw, COg-con-
taining air would be introduced into this fourth compart-
ment and the scrubbed air removed from it. This fourth
compartment would thus serve to prevent the stream of
purified air leaving the cell from interfering with the op-
eration of the cell cathode.

‘While scrubbing and regenerating fuel cells containing
such additional compartments are within the contempla-
tion of the broad process and system of this invention, it
is not believed that the additional complexity introduced
into the cell structure by such additional barriers is gen-
erally warranted by the increase in operating efficiency
achieved by their use.

For a clearer understanding of the invention, specific ex-
amples of it are set forth below. These examples are mere-
ly illustrative and are not to be understood as limiting
the scope and underlying principles of the invention in any
way.

Example 1
A fuel cell having platinum-catalyzed, wet-proofed,

screen electrodes of 40 cm.2 geometric surface area placed
1 cm. apart is divided into two chambers by a cation

. permeable membrane situated midway between the two

electrodes. Hydrogen is fed to one of the electrodes (the
anode) and oxygen to the other electrode (the cathode).
An anolyte solution having a volume of 150 cc. and initial-

* 1y containing 1 g. equivalent of KOH per liter and 4 g.

equivalents of K,CO; per liter is continuously circulated

at 130 cc./min. from a reservoir through the anode cham-
ber of the cell. A catholyte solution having a volume of
2000 cc. and and containing initially 1 g. equivalent of
KOH per liter and 0.02 g. equivalents of K,CO; per liter
is continuously circulated at 130 cc./min. from a reservoir

., through the cathode chamber of the cell. The cell is op-

erated at 50° C. with the anode and cathode connected
externally through a low resistance circuit.

After 15 hours of cell operation, the total volume of the
anolyte is 134 cc. which contains 0.05 g. equivalents of
KOH per liter and 0.03 g. equivalents of K,COj per liter.
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The total volume of the catholyte after this period of
operation is 2000 cc. containing 1.39 g. equivalents of
KOH per liter and 0.025 g. equivalents of KoCOj per liter.
More than 12 g. of CO; has been evolved from the cell
during the 15 hour period of operation and over 90% of
this evolved CO, has been carried off by the excess hy-
drogen stream passing through the fuel gas chamber ad-
jacent the anode. :

Example 2

The procedure of Example 1 is repeated using an ano-
lyte solution which has a total volume of 150 cc. and
contains 4 g, equivalents of K;CO; per liter, and a catho-
lyte solution which has a total volume of 1500 cc. and
contains 1 g. equivalent KOH per liter, Hydrogen is fed

‘to the anode and air to the cathode in the manner of Ex-

ample 1. The pH of the anolyte solution drops from 12
to 9 over a period of 4% hours and remains at about 9
for an additional 614 hours.

Carbon dioxide is detected in the excess hydrogen
stream leaving the anode gas chamber after one hour of
operation, and the rate of CQOy evolution reaches a maxi- .
mum after about 5 hours of operation. After a total of
10 hours of cell operation, 49% of the CO; originally
present in the anolyte solufion as carbonate has been
evolved from the cell and an equivalent amount of KOH
has been generated in the catholyte solution.

Example 3 -

The procedure of Example 2 is repeated in this ex-
ample with the addition of a sparging chamber to the
anolyte circulation loop. The sparging chamber is situ-
ated near the anolyte outlet from ‘the cell and provides
a slow flow of nitrogen through the anolyte solution leav-
ing the chamber. After a total of 10 hours of cell opera-
tion, chemical analysis of the anolyte and catholyte so-
lutions shows that 79% of the COj, originally present as
carbonate in the anolyte solution has been évolved from
the cell. The distribution of the evolved COy is determined
by passing the excess hydrogen flow and the exit N, purge
through separate soda lime tubes. The gain in weight
of the soda lime tubes reveals that approximately 0.4 g.
equivalents of COy have been évolved in the excess hy-
drogen flow and about 0.1 g. equivalents of CO, have
been evolved in the N, purge.

Example 4 )
A fuel cell having platinum-catalyzed, wet-proofed,

* screen electrodes with 40 cm.? of  geometric surface area
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is assembled with an electrode separation of 0.5 cm. The
two electrodes are connected extermally by a low resist-
ance circuit. A 10 mil thick sheet of asbestos paper is
rlaced against the anode, on its electrolyte side, and re-
tained thereby a tantatlum screen. One hundred fifty
(150) ml of 7 N KyCOj is continuously recirculated
through the cell while hydrogen is fed to the anode and
air to the cathode, The cell is operated at 50° C.

The hydrogen exhaust stream leaving the anode gas
chamber is dried and the CO, which it contained is col-
lected quantitatively by adsorption in soda lime tubes,
which are weighed periodically. K,COj; is progressively
converted to KOH during the cell operation, with the
rate of evolution of CO, diminishing as the pH of the
electrolyte increases.

Typical values for the rate of CO, evolution occurring
at various specific electrolyte compositions are shown in
Table 1 as follows:

TABLE 1

Composition of
Electrolyts, Equivalents
Equivalentsper  CO: Evolved
Liter per Hour per
Liter of Cell
K;CO; XOH Volume
6.5 0.5 2.1
6.0 1.0 L&
5.5 1.5 1.0
5.0 2.0 0.5
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Example 5

The procedure.of Example 4 is repeated with an addi-
tional 20 mil layer of asbestos paper attached to the elec-
trolyte side of the anode. The rates of CO; evolution cor-
responding to specific electrolyte compositions are shown
in Table 2.

TABLE 2

Composition of
Electrolyts, Equivalents
Equivalents per  CO; Evolved
Liter per Hour per
Liter of Cell
K:C0; KOH Volume
6.5 0.5 1.9
6.0 10 L7
5.5 LS L5
5.0 2.0 1.3
4.5 2.5 L1

This invention in its broader aspects is not limited to
the specific details shown and described, but departures

" may be made from such details within the scope of the

accompanying claims without departing from the prin-

ciples of the invention and without sacrificing its chief

advantages.

“"What is claimed is:

1. A process for removing carbon dioxide from a gas
stream with a regenerable carbon dioxide absorber sys-
tem which generates an electrical energy, said process
comprising the steps of:

(a) passing the gas stream through a carbon dioxide

absorber system comprising an aqueous solution of
an alkali metal hydroxide, whereby the carbon di-
oxide content of said gas stream is substantially
reduced by absorption of carbon dioxide in said
aqueous solution, said absorption being effected by
the formation of alkali metal carbonate in said ab-
sorber solution; and :

(b) periodically or continuously regenerating said alkali
metal hydroxide solution to render it suitable for
additional carbon dioxide absorption, said regenera-
tion being effected by: passing the alkali metal car-

. bonate-rich aqueous absorber solution to the vicinity
of the anode of a regenerating fuel cell as at least a
portion of the fuel cell electrolyte, the fuel cell operat-
ing by the consumption of an oxidant and a fuel
to generate hydrogen ions and consume hydroxyl ions
at its anode, to generate hydroxyl ions at its cathode,
and to generate electrical energy; allowing the alkali
metal ions in said solution to migrate to the vicinity
of the cathode of the fuel cell while retaining ions
containing jonically bound carbon dioxide in the
vicinity of the anode, said consumption of hydroxyl
ions at the anode, production of hydroxyl ions at the
cathode and migration of alkali metal ions to the
vicinity of the cathode reducing the pH of the elec-

- trolyte in the vicinity of the anode to a sufficient ex-
tent that substantial amounts of gaseous CO, are
evolved and simultaneously increasing the pH of the
electrolyte in the vicinity of the cathode to a suffi-
cient extent to render it capable of absorbing sub-
stantial amounts of carbon dioxide,

2. The process of claim 1, in which said absorber solu-
tion comprises potassium hydroxide.
. 3. The process of claim 1, in which
tion comprises a mixture of
potassium carbonate.

4. The process of claim 3 in which said absorber solu-
tion contains about 1 o 2 gram equivalents of potassium
hydroxide per liter of solution and about 5 to § gram
equivalents of potassium carbonate per liter of solution,

5. :l“he process of claim 1, in which a supporting, sub-
stantially neutral electrolyte is added to the electrolyte

said absorber solu-
potassium hydroxide and

10

15

20

25

30

35

40

45

65

60

65

75

18

in the vicinity of the anode of the regenerating fuel cell
during the migration of potassium ions to the vicinity
of the cathode of said cell to prevent undue dilution of
the electrolyte surrounding the cell anode and an ac-
companying increase in the internal resistance of the
cell.

6. The process of claim 5, in which the supporting
electrolyte is potassium fluoride or potassium sulfate.

7. The process of claim 1, in which the pH of the elec-
trolyte in the vicinity of the anode is reduced to about 9
or less, and the electrolyte is heated to a temperature
of at least about 50° C. and sparged with an inert gas to
remove carbon dioxide therefrom.

8. The process of claim 7 in which the electrolyte in the
vicinity of the anode is withdrawn from the regenerating
fuel cell when it reaches about pH 9, and is passed to an
external heating chamber where it is heated to at least
50° C. and sparged with an inert gas to purge CO; from
said solution. _

9. The process of claim 1 in which said absorber sys-
tem comprises an aqueous absorber solution containing a
mixture of alkali metal hydroxide and alkali metal car-
bonate,

10. The process of claim 9 in which said absorber solu-
tion is richer in carbonate than it is in hydroxide.

11. The process of claim 1 in which the alkali metal hy-
droxide absorber solution is maintained in the vicinity of
the anode of the regenerating fuel cell and the carbon
dioxide-containing gas stream is passed through said
solution in said cell to achieve the desired carbon dioxide
absorption; said cell being activated periodically for re-
generation of said solution, and said gas stream being
diverted to another source of absorber solution during said
regeneration. K

12. A process for operating a primary fuel cell utilizing
an influent fuel gas stream and an influent oxidant gas
stream to generate electrical energy, said process includ-
ing the steps of:

(a) removing carbon dioxide from at least one of said
influent gas streams before said stream is introduced
into the primary fuel cell by passing said stream
through a carbon dioxide absorber system comprising
an aqueous solution of an alkali metal hydroxide,
whereby the carbon dioxide content of said gas
stream is substantially reduced by absorption of car-
bon dioxide in said aqueous solution, said absorption
being effected by.the formation of alkali metal car-
bonate in said absorber solution;

(b) passing the purified influent gas stream to the pri-
mary fuel cell; and

(c) periodically or continuously regenerating said alkali
metal hydroxide solution to render it suitable for
additional carbon dioxide absorption, said regenera-
tion being effected by: passing the alkali metal car-
bonate-rich aqueous absorber solution to the vicinity
of the anode of a regenerating fuel cell as at least a
portion of the fuel cell electrolyte, the fuel cell operat-
ing by the consumption of an oxidant and a fuel to
generate hydrogen ions and consume hydroxyl ions
at its anode, to generate hydroxyl ions at jts cathode,
and to generate electrical energy; allowing the alkali
metal ions in said solution to migrate to the vicinity
of the cathode of the fuel cell while retaining ions
containing ionically bound carbon dioxide in the
vicinity of the anode, said consumption of hydroxyl
fons at the anode, production of hydroxyl jons at
the cathode, and migration of alkali metal ions to the
vicinity of the cathode reducing the pH of the elec-
trolyte in the vicinity of the anode to a sufficient ex-
tent that substantial amounts of gaseous CO, are
evolved and simultaneously increasing the PH of the
electrolyte in the vicinity of the cathode to a suf-
ficient extent to render it capable of absorbing sub-
stantial amounts of carbon dioxide,
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